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Abstract: A variety of properties of dry coal powders and of coal/water 
slurries have been measured for ten bituminous coals, some available a5 
both ROM and beneficiated samples. Slurry rheology, maximum solids 
content and s tab i l i ty  towards sedimentation are i n  general related to  the 
electrophoretic mobi l i ty  measured in  concentrated suspensions, rather than 
to the microelectrophoretic mobi l i ty  determined in  very dilute suspensions 
o f  the coals. The influence on slurry properties of coal particle median size, 
BET surface area w i t h  nitrogen as adsorbate, ash content, soluble ash 
content, and degree of  oxidation w i l l  be discussed. 

Introduction: The objective of th is  study has been to  relate the surface 
chemistry of a coal t o  i t s  beneficiation and oxidation history in order to 
develop the hypothesis that coallwater slurry properties depend upon 
surface charge, wettabi l i ty> and additive adsorption from solution. Previous 
work[ ' ]  w i th  four bituminous coals had suggested that, in  general, particle 
surface charge controls slurry rheology, sedimentation stabi l i ty  and 
maximum solids content o f  coal/water slurries. High interparticle repulsion 
results in  low viscosity, high solids content, poor sedimentation stabi l i ty  
and hard-packed sediments. Low interparticle repulsion is  associated w i th  
good sedimentation stabi l i ty  but increased viscosity and lower solids 
content. Incomplete wett ing of a coal powder leads t o  hydrophobic 
aggregation, and decreases s tab i l i ty  toward sedimentation. Additives may 
be employed to improve wett ing and dispersion or t o  improve slurry 
Properties by manipulating surface charge. The current work i s  intended to 
increase understanding of the contributions t o  slurry behavior made by the 
different types o f  materials present on heterogeneous coal surfaces. 

Experimental: Properties of dry coal powders and of coal/water 
suspensions have been examined for six eastern bituminous coals, both 
freshly ground and after several months storage under a i r  or under 
nitrogen For three coals run-of-mine (ROM) samples have been compared to  
physically beneficiated samples. The six coals were chosen from among 
those surveyed as part  of a large study o f  coal slurryabil ity and combustion 
Performance sponsored by the Pittsburgh Energy Technology Center of  the U. 
S. Department of Energy.Iz1 

The dry powder o f  each coal has been characterized as t o  i t s  median size, 
Particle size distribution, 8. E. T. surface area w i t h  nitrogen as adsorbate, 
moisture content, degree of  oxidation determined by the U. S. Steel alkali 
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analyses by XPS fo r  samples recently ground under a i r  and in  some cases 
under nitrogen. In addition, proximate, u l t imate and mineral ash analyses 
are available fo r  each coal. 

The microelectrophoretic mobi l i ty  of each coal sample has been measured 
I, 

Results and Discussion:ln Table 1 some pertinent properties of the 
powdered coals are compared. Except for  the 6.4% ash Splash Dam coal, the 
median size of a l l  samples l ies  between 42 and 57 um, and in  addition, 
these samples have simi lar  part icle size distr ibution widths. The I l l inois 
*6 and Upper Freeport coals have relat ively high surface areas, while the 
other samples have surface areas between 1.0 and 2.6 rn2g-l. The 
results of the US. Steel alkali extraction oxidation test indicate that most 
of the coals show l i t t l e  sign of oxidation of the carbonaceous surface. 
However the 6.2% ash Lower Kittanning Coal and the I l l ino is  *6 sample are 
significantly oxidized, and the aged 8.7% ash Lower Kittanning and Black 
Creek samples show less marked oxidation. 

For samples freshly ground under air, and fo r  samples aged under air, the 
pyr i te content reported when proximate, ultimate, mineral ash and forms'of 
sulfur analyses were performed is compared i n  Table 2 to the soluble iron 
content found i n  the liquor from IO%(wt) slurr ies of the coals each at i t s  
natural pH, and to  the ionic strength of the same samples, as calculated 
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Table 1 

Coal 

Solash Dam 
17.0% ash 
6.4% ash 

5.3% ash 
1.6% ash 

Lower 
Kittanninq 

8.7% ash 
6.2% ash 
2.3% ash 

9.7% ash 

5.8% ash 

Illinois 0 6  

Black Creak 

UpPer 
Freeoor t 

P i  ttsburah 
Seam *8 

21.9% ash 

30.8% ash 
6:OX ash 

ANALYTICAL DATA FOR COAL POWDERS 

Median Surface U.S. S. Oxidation 
Size Aroa Test 
um m’g-1 2 Transmission 

Fresh Aged 
43 1.3 100 96 
26 2.3 98 98 

44 1 -0 
43 1.6 

47 2.1 
48 2.5 
42 2.6 

92 99 
99 96 

92 87 
47 15 
96 95 

57 44.0 - 36 

57 2.1 97 92 

48 1 1.6 95 97 

52 2 -2 
53 1.1 

100 100 
100 99 

from the analyses for sodium, potassium, magnesium, calcium, iron, 
aluminum, silicon, chloride and sulfate ions in  the slurry liquor. The 
reported pyr i te (or pyr i te  plus sulfate) content i s  not a good indicator of 
either the quantity o f  soluble iron found or  of the ionic strength of the 
slurry. Slurries high in soluble iron also f a l l  in the high ionic strength 
group, though calcium and magnesium sal ts also contribute significantly 
t o  the ionic strength, particularly in the case of Pittsburgh Seam “8. In 
most cases, aging and oxidation appear t o  increase the ionic strength, but 
for Black Creek and Upper Freeport coals aging under a i r  appears to decrease 
the solubil ity of the inorganic minerals present. The cr i t ica l  surface 
tension for wett ing tends t o  be somewhat higher fo r  high ash coals than for 
beneficiated coals, indicating that, as expected, the high ash coals are more 
hydrophilic. The Black Creek and Upper Freeport coals show marked 
increases i n  cr i t ica l  surface tension for wetting, again suggesting that 
aging under air has affected the inorganic minerals present on the surfaces 
of these coals. 

The major result of th is  study i s  the confirmation of the hypothesis that 
coal/water slurry properties depend upon coal particle surface charge, as 
measured by electrophoretic mobi l i ty  Figure 1 shows the apparent viscosity 
at  a shear rate of 9 s- as a function of electrophoretic mobil ity for two of 
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the Splash Dam coals freshly ground under a i r  as we l l  as data for I l l i n O i S  '6 
and Hiawatha coals, as received, from our previous study''] of four 
bituminous coals. High viscosity occurs at  mobi l i t ies close to zero, the 
effect being more marked fo r  the coals w i th  smaller median diameter. 

Table 2. PYRITE AND SOLUBLE IRON CONTENT, IONIC STRENGTH AND CRITICAL 
SURFACE TENSION FOR WETTINO r. Coal 

Splash Dam 
17.0% ash. fresh 
17.0% ash. mged 
6.4% ash. fresh 
6.4% ash. aged 
5.3% ash. fresh 
5.3% ash. aged 
1.6% ash. fresh 
1.6% ash. aged 

8.7% ash. fresh 
8.7% ash. aged 
6.2% ash. fresh 
6.2% ash. aged 
2.3% ash. fresh 
2.3% ash. aged 

9.7% ash. fresh 

I 

I 

! 

Lower Kittanninq 

Illinois e6 

Pyri te  

X(wt) 

0.1 1 

0.15 

0.04 

0.06 

0.05 

0.68 

0.08 

1-30 
9.7% ash. aged 

5.8% ash. fresh 0.14 
Black Creek 

5.8% ash. aged 
5.6% ash. aged and washed 

Uwer  FreeDort 
21.9% ash. fresh 0.35 
21.9% ash. aged 

30.8% ash. fresh 1.17 
30.8% ash. aged 
6.0% ash. fresh 0 S O  
6.0% ash. aged 

Pittsburqh Seam 

Soluble 
Iron 

mmole dm-3 

0.003 
0.007 

(0.00 1 
(0.00 1 
(0.00 1 
(0.001 
0.007 

(0.00 1 

(0.00 1 
0.100 

(0.001 
(0.00 1 
(0.00 1 
(0.00 1 

0.25 
3.93 

1.25 
0 .so 
4.32 

0.66 
0.43 

(0.00 1 
(0.00 1 
(0.00 1 
(0.00 1 

Ionic Critical Surface 
Strength Tension for Wetting 

mmole dm-3 mN m- 1 

2.3 
2.4 
1.3 
1.1 
1 .o 
3.8 
1 .o 
1 .o 

46 
46 
41 
40 
40 
40 
40 
40 

1.1 42 
7.1 42 
1.7 42 
2.3 43 
0.9 41 
1 .o 41 

26.1 50 
61.0 50 

13.6 45 
7.3 49 
1.7 .. 

43.6 43 
24.5 48 

14.6 43 
19.4 43 
5.6 42 
5.0 42 

When the maximum viscosity found fo r  a coal in a 50W(wt) slurry a t  t w o  
different shear rates is plotted versus median size of the dry coal powder in 
Figure 2 i t  can be seen that the viscosity i s  markedly more dependent upon 
shear rate a t  low median size, that is, that non-Newtonian behavior is  more 
extensive when the total  surface area i s  high. For smaller median size 
effective void space can be reduced t o  a greater extent when flocculation 
occurs. The scatter of the data in  Figure 2, however, indicates that the 

* surface chemistry of a coal af fects the extent of flocculation even when 
I 
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Figure 1 Apparent Viscosity as a Function o f  Electrophoretic Mobility 
a t  a Sheaf Rate of 9 s-1 for : W Splash Dam 6.41 ash, Hiawatha, 
0 Splash Dam 17% ash, 0 Illinois O 6  

0 

12cKl 

14001 1 Cl00 

Viscosity, 
CP 

600 8@cl g o  
0 
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0 20 4 0  60 80 100 
Median Size, Crn 

Figure 2. Maximum Viscosity as a Function o f  Median Size, for  50%(wt)  
Slurr ies o f  Sixteen Coals, at a Shear Rate  of:  0 9 s-l ,  90 
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particles of the same median size and size distribution width are compared. 
The two lowest outl iers of the shear ra te 9 s-' curve are the two most 
oxidized coal samples, Lower Kittanning 6.2% ash and Hiawatha, coals which 
have a strongly negative mobil ity, and strong interparticle repulsion, over 
most o f  the pH range. On the other hand, I l l ino is  '6, Upper Freeport and San 
Juan w i th  surface areas of 44, 12 and 10 m2g-' respectively, l i e  on the high 
side of the curve, suggesting that a t  least a portion of the pore space i s  
accessible t o  the fluid, thus decreasing the effective void space and 
increasing apparent viscosity for  these coals. 

Figure 3 demonstrates the dependence on surface charge of the median 
agglomerate size calculated from sedimentation data, relative t o  the dry 
particle median size. Sedimentation s tab i l i ty  i s  good when there is 
extensive flocculation and therefore a high apparent viscosity at very low 
shear rates. The highly oxidized coals w i t h  low apparent viscosities show 
very poor stabi l i ty  toward sedimentation, and form hard-packed sediments, 
as a result o f  the strong interparticle repulsion. The strongly shear-thinning 
San Juan coal shows a high calculated agglomerate size. 

I 
I\ 
'j 

In Figure 4 sedimentation rate i s  plotted as a function of coal concentration 
for  three coals each at  i t s  natural pH, t o  demonstrate the ef fect  of ionic 
strength upon stabi l i ty  toward sedimentation. In solutions of high ionic 
strength the electrical double layer i s  compressed towards the Particle 
surface, decreasing interparticle repulsion and the magnitude of the 
electrophoretic mobility, thus promoting flocculation. As a result, 
sedimentation rate i s  decreased, and f inal  sediment volume i s  increased. 
However at shear rates between 2.6 and"90 s-' the ionic strength has 
l i t t l e  effect on the apparent viscosity measured for these slurries. This 
suggests that weak flocs existing at the very low shear rates occurring in 
sedimentation under gravity are broken apart a t  higher shear rates. 

Figure 5 shows several patterns for  the dependence of electrophoretic 
mobil ity upon pH. In Figure 5(a),(b; and (c) each pair of coals compared i s  
similar in  median part ic le size of the dry coal powders-and in ionic strength 
of the slurries. In Figure 5(a) the high ash Splash Dam and Lower Kittanning 
samples both have a point of zero charge near DH 3, where kaolin has been 
reported t o  have a point of zero chargelS1 in  Figure 5(b), the low ash Splash 
Dam and Lower Kittanning coals are compared. Both these samples have a 
positive electrophoretic mobi l i ty  up t o  at  least pH 6. This appears to  be the 
pattern of mobil ity associated w i t h  an unoxidized mainly carbonaceous 
surface. The two high ash samples o f  the same coals i n  Figure 5(a) show 
behavior very s;iriiilar t o  that of the beneficiated coals at high pH, but the 
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Figure '3. Ratio o f  Median Size D Calculated from Sedimentation Data 
to Median Size Do o f  Dry Powder, as a Function o f  Electro- 
phoretic Mobil i ty f o r  : + Pltt5blJl-gh Seam "8-3, Do = 41 pm; 
E ! h l  Juarl, Do = 55 pm;O Illinois *&, DO = 57 ~ K I ;  0 Hiawatha, Do =56 1I.ril 

13 .o 0.1 0.2 111.3 0.4 0.5 
Volume Fraction o f  Coal 

Figure4. Sedimentation Rate as a Function o f  Coal Concentration f o r :  
4 Lover  Kittanning Coa1,2-3% ash, Ionic Strength = 0.9 mmole dm-3 
0 Black Creek Coal, 5.8% ash, Ionic Strength = 14 mmole dm-3 
U Upper Freeport Coa1.21.9% ash, Ionic Strength = 44 mmole dm-3 
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(a) High kaolin content 
.*-Splash Darn 17% ash 
O-Lower Kittanning 8 . 7 %  ash 

2 4 1  

-2' 

-4  * 

- 6 .  

(b) Beneficiated Coals 
1 .e- SDlash Darn 1 6% ash 
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( c )  Oxidized Coals 

.*-Lower Kittanning 6.2% ash 
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-8 J 
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Figure 5. Electrophoretic Mobility as a Function of pH for 5 0 W ( r t )  
Slurries o f  Freshly Ground Coals, in Deionized Vater  
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clay dominates the pattern a t  low pH. In Figure 5(c) the pattern fo r  two 
oxidized coals is  shown. Measurements could not be made above about pH 6 
for either of these coals, because their  slurries sett led too rapidly, 
indicating very high interpart icle repulsion and high surface charge. The 
patterns seen in Figure 5(.b) and (.c) are consistent w i t h  the observations 
reported by Wen and Sun161 of electrophoretic mobil i ty versus pH curves for 
very di lute suspensions of unoxidized and oxidized Pittsburgh Seam '8 
vitrain. Finally Figure S(d) shows the electrophoretic mobi l i ty  observed for 
the high ionic strength slurries of Upper Freeport coal. The pattern for  this 
high ash coal might be expected to  resemble Figure 5(a) were it not for  the 
high ionic strength o f  the slurries, which increases w i t h  pH since sodium 
hydroxide was added to  change the slurries from their natural pH of 3. For 
such slurries, electrophoretic mobi l i ty  i s  not a good predictor of the 
variation of viscosity w i t h  pH, though i t  does predict sedimentation 1 

stabi l i ty and final sediment volume. High soluble iron content tends to make 
coal particle electrophoretic mobi l i ty  less negative in  the pH range from 4 

high ionic strength which decreases the absolute value of the 
electrophoretic rnobi l i ty and makes any effects of soluble iron d i f f i cu l t  t o  
detect. 

4 

I 

I 

i 
to 8, but in coal lwater slurr ies high soluble iron is  usually associated w i th  I 

I 

Conclusions: Median part ic le size, part icle size distr ibution width and 
particle internal volume accessible to water have a strong influence upon 
coal/water slurry viscosity and stabi l i ty .  At a given median size, size 
distribution and surface area, slurry properties can be predicted from the 
electrophoretic mob i l i t y  of concentrated suspensions. The ef fects upon 
surface charge, and therefore upon slurry viscosity and stabi l i ty, of 
oxidation, benef ic iat ion and slurry ionic strength can also be predicted, 
although slurry viscosity i s  less sensitive to ionic strength than slurry 
stabi l i ty toward sedimentation. 
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